Geometric parameters of a ribbon impeller were optimized on the basis of numerical calculations obtained from the solution of our own 3D/2D hybrid model. The optimization was made taking into account mixing power and homogenization time for ribbon impellers with a different number of ribbons and width operating in a laminar motion for Newtonian fluid. Due to minimum mixing energy required to stir a unit volume of liquid the most efficient impeller appeared to be that with one ribbon of width equal to 0.1 to 0.15 of the mixing vessel diameter. Impellers with more than one ribbon needed much higher mixing power but did not increase significantly secondary circulation in the vessel. These impellers increased first of all primary circulation, i.e. they increased only circular motion of liquid in the vessel.
INTRODUCTION
Mixing in the liquid phase is very often used in various technological processes, and in many cases efficiency of the whole process depends on mixing intensity. This refers, for example, to fast chemical reactions controlled in the reactor by the rate of mixing in a micro scale. A similar problem arises in the mixing of highly viscous liquids, e.g. during polymerization. In general, for mixing highly viscous liquids: anchor, ribbon or screw impellers are used. The first of these works well in the case when there is a need of a jacketed heat exchange on the mixing reactor wall. The paddle of an anchor operating near the tank wall disrupts thermal boundary layer thus increasing the intensity of heat exchange on its wall. However, this type of impeller produces a very weak radial-axial circulation which usually results in poor mixing of the liquid in the whole volume of the vessel. Ribbon impellers do not have this disadvantage. Structurally they are more difficult to manufacture but due to relative inclination of the rotating ribbon the impeller pumps liquid up or down thereby increasing significantly the radial-axial circulation and as a result decreasing the mixing time. Therefore, this type of impellers is widely applied when you need to mix highly viscous liquids (Delaplace et. al., 2000; Dalaplace et. al., 2006; Kuncewicz, 2012; Robinson and Cleary, 2012) .
Due to the extensive use of ribbon impellers in industrial practice they have been the subject of frequent research. Curran (Curran et. al., 2000) studied experimentally the hydrodynamics and circulation time in a reactor with a simple and double helical ribbon impeller in case of yield stress fluids. They revealed the independency of the dimensionless circulation time of the fluid rheology and pumping direction in case of the double helical ribbon. In contrast, the simple ribbon presented high values of dimensionless circulation time for the highest viscosity fluid. Robinson and Cleary (Robinson and Cleary, 2012) have studied the mixing flow within three variants of the helical ribbon impellers, cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe a single helical ribbon impeller, a double helical ribbon and a single helical ribbon combined with a central screw. They proved that the mixing rate is better while adding an extra ribbon compared to the single ribbon results, while, the addition of a central screw leads to a creation of a low mixing zone surrounding the screw. However, this work did not specify the mixing efficiency for this type of stirrer.
Many similar papers have been written since and they concern the hydrodynamics of the mixer or mixing times or both parameters simultaneously. However, they do not include studies on the circulation times inside the mixer and the relationship between mixing time and circulation time. The presented work complements this gap.
Over the last two decades there has been a growing number of works based on numerical calculations using CFD techniques (Ameur et.al., 2015; Ameur, 2017; Anne-Archard et. al., 2006) or experimental work using modern measurement techniques (Takahashi et al., 2015; Wang et al., 2012) .
Another area of interest of ribbon impellers is the food industry. Especially when you should reach concentration of solid phase of more than 50% (Hou, 2016; Zhang, 2014) . A high value of secondary circulation in the r-z plane in the mixer even at low rotational speeds of the stirrer effectively mixes the two phases without destroying the solid. So, the helical ribbon impeller was successfully introduced into pretreatment reactors for the purpose of intensified mixing of corn stover with liquid dilute acid solution and hot steam (He et.al., 2014a; He et.al., 2014b) or into bioreactors for enzymatic hydrolysis and fermentation (Liu et al., 2012; Zhang et al., 2010; Zhao et al., 2013) . The results showed that the bioconversion yield and pretreatment efficiency was significantly improved. Wu (2012) made a comparison of six types of impellers for mixing high-solids anaerobic digestion systems and found the helical ribbon impeller was the most effective solution.
From the viewpoint of obtaining a homogeneous mixture in the entire volume of the vessel, we often employ two basic concepts: the homogenization time  m and circulation time  c . Both concepts refer to mixing in the entire tank volume and despite not very precise definition they have been used for a long time. By definition (Stręk, 1981 ) the time of homogenization  m (or mixing time) is the time needed by the system to reach high enough homogeneity required by process conditions. The time of circulation  c is the average time which every element of the liquid requires for making one full circulation loop in the radial-axial plane in the vessel. As has been mentioned, both definitions are unclear. Table 1 gives also geometry of the ribbon impellervessel system and measuring method which was used to determine the time of homogenization. Table 1 refer only to ribbon impellers because according to many authors (Bakker and Gates, 1995; Coyle et al., 1970; Rieger et al., 1986; Shiue and Wong, 1984) this type of impeller is most suitable for mixing liquids with high viscosity.
Data in
It can be easily seen from Table 1 that mixing times are always several times greater than the circulation times (Carreau et al., 1976; Guerin et al., 1984; Takahashi et al., 1989; Takahashi et al., 1994) . Therefore, an attempt can be made to find a relationship between the values of  m and  c for the same type of impeller irrespective of its geometric parameters. In other words, it is possible to determine the number of full circulation loops which should be made by every element of liquid in the vessel to make the liquid obtain an appropriate degree of homogeneity. Figure 1 shows selected data from Takahashi et al. (1982 Takahashi et al. ( , 1988 -- 7.6 a) Takahashi et al., (1988 Takahashi et al., ( , 1989 to find a precise functional relation between the two variables. It was therefore decided to apply the simplest linear relation (1) which indicates that the liquid contained in the tank can be considered well mixed if each element of the liquid performs 3 or 4 circulation loops in the vessel on average.
The time average of circulation τ c can be determined from the secondary circulation V s and volume of the stirred liquid V.
As follows from Table 1 , in some studies (Takahashi et al., 1982; Takahashi et al., 1989 ) the values of  m are several times higher than similar values quoted by other authors. In certain cases  m  which means that in the tank small zones with poorer mixing were observed and in this case only a subjective assessment of the experimenter decided the value of τ m . Therefore, not all data contained in Table 1 have been taken into account in Fig. 1 .
In addition to experimental methods used in studies on the hydrodynamics of mixing vessels in a laminar motion, for decades CFD methods have been increasingly applied. They are used to determine the distribution of all hydrodynamic values in the entire volume of the mixing vessel. Noteworthy are the early studies of Thiele (1972) and Ohta et al. (1985) regarding solutions in the 2D space, first solutions of full models in the 3D space proposed by Harvey et al. (1995) and Kaminoyama et al. (1999) and others, or the 3D/2D hybrid model developed by Kuncewicz and Pietrzykowski (2010) . The idea of the last model was that a full 3D model was solved in the impeller region and its vicinity, while in the other parts of the vessel a much simpler 2D model was solved. In this way the time needed for model solution was shortened from 7 to 10 times without compromising accuracy of the results.
In our previous work (Kuncewicz et al., 2013 ) using solutions of a 3D/2D hybrid model we found that for a ribbon impeller with one ribbon its optimal parameters referring to mixing time and mixing power are geometric invariants d/D = 0.92 and p/d = 1.
In this study, using the same 3D/2D model we decided to investigate the effect of two other parameters of the ribbon impeller, i.e. the number of ribbons N R and their widths on the time of homogenization and mixing power and to determine two other optimal parameters of ribbon impellers.
EXPERIMENTAL
In the experimental part the correctness of the solution of a 3D/2D hybrid model for ribbon impellers equipped with more than one ribbon (Fig. 2) or impellers with reduced ribbon width (Fig. 3) As follows from the analysis of Figs. 2a and b figures, good agreement of both compared values was obtained which indirectly proves the correctness of the model solutions. The highest peripheral velocities were always observed in the case of impeller region, while the greatest axial components occurred not only in the region where liquid was pumped to the bottom of the tank but also in the middle of the tank where the same stream was returning to the liquid level. Comparing results shown in Figs. 2 and 3 it should be noted that for the impeller with two ribbons there was a more than a twofold increase of peripheral circulation V p associated with the impeller rotation. Secondary circulation V s , i.e. circulation in the r-z plane also increased. However, that increase was much smaller and amounted to only about 30%. This is due to a maximum value of stream function  max for both compared impellers.
Hence, in this case there was an uneven growth of primary and secondary circulation in the tank and it could be concluded that the increase of the total active surface of the impeller caused first of all an increase of peripheral velocities in the tank. It should also be taken into account that the comparison referred to the impellers with different ribbon widths and their numbers.
Liquid circulation inside the tank is shown in Figs. 2b and 3b . In the middle part of the tank liquid circulates at approximately constant relative peripheral frequency n = (0.5 -0.6)N in the case of a double-ribbon impeller and at frequency n = (0.35 -0.45)N in the impeller with one ribbon. In both cases peripheral velocities were always two or three times higher than axial velocities. In the impeller region, due to the proximity of the tank wall, relative peripheral frequencies n* decrease, although cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe taking into account large radius along which the liquid moves in this region its absolute peripheral velocity is the highest. Similarly, the number of ribbons has also great impact. A three-ribbon impeller produces primary circulation which is 60% higher than that of a single-ribbon impeller. In general, it can be concluded that the greater the impeller surface the bigger the liquid stream flowing in the impeller region in the peripheral direction. -0 16 .
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-0 02 . On the basis of peripheral velocity distributions near the wall and bottom of the vessel obtained from 3D/2D model solutions it was also possible to determine the mixing power P and then to calculate the dimensionless power number Po and product PoRe = A. The value of this product for laminar mixing and for a specified impeller is a constant value independent of the Reynolds number. Functional relations K p , K s , A = f(N R , w/D) obtained from model solutions are shown in Fig. 6 .
The width of ribbons in a moderate way affects the power of mixing. A fourfold increase of the ribbon width caused only about 25% increase in the mixing power (Fig. 6b) . In contrast, the mixing power depended strongly on the number of ribbons. Addition of the second and third ribbon to the singleribbon impeller resulted in an increase of the mixing power by 58% and 102%, respectively. In both cases the growth of mixing power can be explained by increase in friction resistance that is dominant resistance in the laminar motion. Figure 6a illustrates the influence of the two analysed parameters on the total primary and secondary circulation in the mixer in form of the dimensionless value of K p and K s . As follows from analysis of Fig. 6a for ribbon width w/D = 0.1, addition of the second and third ribbon caused an increase of the primary circulation K p by 44% and 71%, respectively, while the secondary circulation K s remained virtually unchanged and for N R = 3 it was even decreased. Hence, the addition of second and third ribbon resulted only in an increase of peripheral circulation which has no effect on circulation time τ c , and consequently on mixing time τ m . The above presented results of mathematical modelling show that additional energy demand needed to drive the second and third ribbon is completely ineffective.
To demonstrate more clearly that addition of the second and third ribbon is pointless one should analyse Table 2 which presents changes in the K p /K s ratio for a different number of ribbons. To fully optimize the ribbon impellers the assumed optimization criterion was the value of U E defined as the amount of energy needed to attain an appropriate mixing degree of liquid unit volume, i.e.
This method is applied universally and can also be observed in other unit operations of chemical engineering (Obraniak and Gluba, 2012) . The value of U E can be determined as a unit mixing energy. Taking into account Eqs. (1) to (3) The smaller U E the more efficient the impeller. It follows from Eq. (6) that with an increase of the mixing power (constant A from Fig. 6b ) and decrease of secondary circulation (K s ), the value of unit mixing energy U E will increase, i.e. mixing efficiency is lower. Such a tendency of changes is largely self-evident. Equation (6) also indicates that the viscosity of the liquid and the impeller rotation have negative impact on the efficiency of the mixing. From the phenomenological point of view the tendency of changes is most understandable. It should be noted that, as follows from Eqs. (3) and (5), rotation frequency of the impeller causes a faster increase of mixing power P than the increase of secondary circulation V s in the vessel (P  N 2 and V s  N). Therefore the value of N is in the numerator and not in the denominator of Eq. (6). A dimensional form of Eq. (6) can be transformed to its
Owing to this the values of U E * can be directly compared for ribbon impellers with different geometric parameters. A comparison is presented in Fig. 7 
CONCLUSIONS
 The hybrid 3D/2D model developed in earlier work is also valid for ribbon impellers which have more than one ribbon.
 An increase of the ribbon width has a moderate effect on the growth of mixing power and secondary circulation in the tank, and for w/D > 0.15 even a decrease in the value of V s occurs.
 A bigger number of ribbons in the tank results only in a significant increase of mixing power and growth of peripheral circulation in the tank. This means that the addition of the second and third ribbon is unprofitable. 
